ABSTRACT A 2 × 6 factorial experiment, using 2 dietary apparent metabolizable energy (AME) levels (2,750 and 3,050 Kcal/kg) and 6 supplemental lysine (Lys) levels (0, 0.10, 0.20, 0.30, 0.40, and 0.50%), was conducted to study the effects of dietary energy and lysine levels on growth performance and carcass yields of Pekin ducks from hatch to 21 d of age. A total of 576 one-day-old male White Pekin ducks was randomly allotted to 12 dietary treatments, each containing 6 replicate pens with 8 birds per pen. At 21 d of age, body weight gain, feed intake, and feed/gain were measured, and then 2 ducks selected randomly from each pen were slaughtered to evaluate the yields of abdominal fat, breast meat, and leg meat. As a result, birds that were fed basal diets with no Lys supplementation showed growth depression, and significant positive effects of dietary Lys supplementation on body weight gain (P < 0.001), feed intake (P < 0.001), and feed/gain (P = 0.002) were observed as dietary Lys increased gradually among all the groups. In addition, increasing energy levels did not affect overall body weight gain (P > 0.05), but feed intake (P = 0.001) and feed/gain (P = 0.009) decreased significantly between the groups. Dietary Lys levels influenced the yields of breast (P < 0.001) and leg (P = 0.001) meat among all the groups, but dietary energy levels had a significant positive effect only on abdominal fat yield (P = 0.014). The interaction between dietary energy and Lys influenced body weight gain of ducks significantly (P = 0.004). According to the broken-line regression analysis, Lys requirements of Pekin ducks for weight gain at 2,750 and 3,050 Kcal of AME/kg were 0.94 and 0.98%, respectively. It suggested that Lys requirement was higher at 3,050 Kcal of AME/kg than at 2,750 Kcal of AME/kg. Dietary energy content determined feed intake of the ducks, and high-energy diets will require a higher amino acid concentration to compensate for a lower feed intake.
INTRODUCTION
Lysine (Lys) is the second limiting amino acid in poultry diets and plays a major role in protein synthesis and the production of hormones, enzymes, and antibodies (Ekmay et al., 2013; Shimomura et al., 2014; Zhai et al., 2016) . In chickens and quails, dietary Lys deficiency caused a significant decrease in growth rate, feed intake, and muscle yields (Lessire et al., 2013; Yuan et al., 2015; Lima et al., 2016) . However, supplementation of Lys to diet could improve growth performance and reduce mortality in broilers (Liu et al., 2012; Lessire et al., 2013) . Like other avian species, Lys was also needed by ducks, and poor growth was observed in C 2017 Poultry Science Association Inc. Received November 23, 2016. Accepted April 30, 2017. 1 The authors contributed equally to this work as co-first author. 2 Corresponding author: houss@263.net Lys-deficient ducks (Wang et al., 2006; Xie et al., 2009) . As the second limiting amino acid in ducks, there were few research reports on the Lys requirements of Pekin ducks. The Lys requirement of the previous publication for Pekin ducklings from hatch to 14 d of age is 0.9%, but the value is derived from mule ducks from a study conducted by (Chen and Shen, 1979) . The White Pekin ducks were completely different from mule ducks in growth performance. (Bons et al., 2002) found that the Lys requirements for weight gain and gain/feed of male Pekin ducklings from hatch to 21 d of age were 1.17 and 1.06%, respectively. Wang et al. (2006) estimated the dietary Lys need of White Pekin ducklings from hatch to 14 d of age to be 1.10% for weight gain, and Xie et al. (2009) suggested that the Lys requirement of male starter Pekin ducklings from 7 to 21 d of age was 0.98% for breast yield. These estimated Lys requirements of the starter Pekin ducklings were higher than the previous recommendation.
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In fact, growth and maintenance requirements of Lys in animals varied according to the response criterion, which was influenced by environmental conditions, other nutrient limitations, or genetic potential (Han and Baker, 1993; Garcia et al., 2006; Ghahri et al., 2010) . For example, changing the energy concentration of the diet altered the Lys utilization in pigs (Bikker et al., 1994; Möhn et al., 2000) , fish (Encarnação et al., 2004) , and chicken (Mcnaughton and Reece, 1984) . Despite that the important effects of dietary energy and Lys on the performance of Pekin ducks have been investigated for many years (Wang et al., 2006; Fan et al., 2008; Xie et al., 2009; Xie et al., 2010) , no data concerning the interaction effects of dietary energy and Lys can be found for Pekin ducks. Furthermore, information on the effect of dietary energy level on Lys requirements of Pekin ducks is still very limited. Therefore, the objective of the present experiment is to study the effects of dietary energy and Lys and their interactions on growth performance and carcass yield, and to study the effect of dietary energy levels on Lys requirements of Pekin ducks from hatch to 21 dof age.
MATERIALS AND METHODS

Birds and Housing
This study was approved by the animal care and use committee of the Institute of Animal Sciences of Chinese Academy of Agricultural Sciences. A 2 × 6 factorial experiment, using 2 dietary energy levels (2,750 and 3,050 Kcal of AME/kg) and 6 supplemental Lys levels (0, 0.10, 0.20, 0.30, 0.40 and 0.50%), was conducted to study the effects of dietary energy levels on Lys requirements in male White Pekin ducks from hatch to 21 d of age. A total of 576 one-dayold male White Pekin ducklings with similar average body weight was randomly divided into 12 dietary treatments, each containing 6 replicate pens with 8 birds per pen. These birds were kept in plasticwire-floor pens (width 200 cm, length 100 cm, height 40 cm) in an environmentally controlled experimental building. The temperature was kept at 33
• C (at floor level) from one to 3 d of age, and then it was reduced gradually to room temperature (23
• C) until 21 d of age. All birds had free access to water and feed at any time and lighting was continuous. Water was provided by drip-nipple water supply lines and feed was fed in pellet form.
Experimental Diets
Two Lys-deficient basal diets with different energy levels (2,750 and 3,050 Kcal/kg) were formulated (Table 1) . To produce experimental diets, these 2 basal diets were supplemented with crystalline L-Lys (0, 0.10, 0.20, 0.30, 0.40, and 0.50%) at the expense of corn. The amino acids content of the basal diets and total Lys levels of all experimental diets were analyzed according to the method recommended by Standardization Administration of China (2000) . Briefly, methionine and cystine were oxidized at 0 • C by performic acid (formic acid: hydrogen peroxide = 9: 1) for 16 h and then hydrolyzed at 110
• C by 6 M HCL for 24 hours. The other amino acids except methionine, cystine, and tryptophan were hydrolyzed at 110
• C by 6 M HCL for 24 hours. After that, the pH of these hydrolyzates was adjusted to 2.2, and then they were analyzed by using ion-exchange chromatography with an amino acid analyzer (L-800, Hitachi, Tokyo, Japan). Tryptophan was analyzed by reverse-phase high-performance liquid chromatography and fluorometric detection (Waters, Inc., Milford, MA) after alkali hydrolysis at 110
• C for 20 h with 4 M barium hydroxide. The analyzed Lys concentrations were 0.70, 0.79, 0.90, 1.01, 1.09, and 1.20% for experimental diets containing 2,750 Kcal AME/kg and 0.70, 0.80, 0.89, 0.98, 1.10, and 1.19% for experimental diets containing 3,050 Kcal AME/kg.
Measurements
At 21 d of age, weight gain, feed intake, and feed/gain of ducks from each pen were measured. Feed intake and feed/gain were all corrected for mortality. After 12 h feed deprivation, 2 ducks with weight close to replicate average weight were selected from each pen and were stunned electrically and then killed immediately by neck cut and eviscerated manually. The abdominal fat, breast meat (including pectoralis major and pectoralis minor), and leg meat (including thigh and drum stick) were all removed manually from carcasses and weighed, and the percentages relative to live body weight at processing were also calculated. Breast and leg meat were all skinless and boneless.
Statistical Analysis
Data were analyzed by the two-way ANOVA procedure of SAS (SAS Institute, 2003) with the pen being used as the experimental unit. Linear and quadratic polynomial contrasts were performed to determine the effects of dietary Lys. The variability in the data was expressed as the pooled standard error of the means (SEM) and a probability level of P < 0.05 was considered to be statistically significant. The means test separated by using Duncan's multiple comparison tests when the interaction between dietary energy and lysine levels was significant. In the study, broken-line regression model analysis (Robbins et al., 2006) was used to estimate dietary Lys requirement at each dietary energy level using the NLIN procedure of SAS. The model was as follows: y = l + u (r -x), where y = weight gain, x = dietary Lys level, r = Lys requirement, l = the response at x = r, and u = the slope of model. In this model, y = l when x > r. In addition, according to the statistical method suggested by (Sterling et al., 2003) , a t test was used to determine if a difference existed for the Lys requirements established at the 2 energy levels.
RESULTS AND DISCUSSION
As shown in Table 2 , the body weight gain, feed intake, and feed/gain of starter Pekin ducklings were all improved significantly by increasing dietary Lys level, which confirmed that the basal diet was Lys deficient and the experimental period was adequate to assess the duck response to increasing dietary Lys level. In the previous studies of ducks, Xie et al. (2009) and Wickramasuriya et al. (2016) showed a certain Lys supplementation could significantly increase weight gain and feed intake and decrease feed/gain in Pekin ducks and Korean native ducklings, respectively. This study found similar results. Weight gain and feed intake of Pekin ducks increased linearly or quadratically with increasing Lys levels while feed/gain showed an opposite trend regardless of dietary Lys levels (P < 0.05). In poultry, this positive effect of Lys on growth performance has been shown by many researchers (Sterling et al., 2003; Wang et al., 2006; Xie et al., 2009; Lima et al., 2016) . However, as dietary Lys increased gradually, the weight gain and feed intake of Pekin ducks increased linearly or quadratically (P < 0.05) and then these responses may reach a plateau at any dietary energy levels (Table 2 ). This indicated that additional Lys could not improve weight gain and feed intake further when the ducks had already consumed sufficient Lys (Table 3 ). In addition, increasing dietary energy levels caused significant decrease in feed intake and feed/gain (Table 2 ). This result is in accordance with a previous study of Pekin ducks by Fan et al. (2008) , who reported that feed intake and feed/gain decreased significantly as dietary energy increased from 2,600 to 3,100 Kcal/kg. In our study, increasing energy level increased feed intake but had no effect on body weight gain of ducks regardless of dietary Lys levels. This indicated that birds ate more feed on the low-energy diet to achieve energy balance and normal growth compared to those on the high-energy diet (Richards, 2003) . On the other hand, an interaction between Lys and energy on weight gain was observed in the present study (P < 0.05). This interaction between Lys and energy also was proved in turkey studies. Veldkamp et al. (2005) found that dietary energy and Lys had interaction effects on feed intake and feed/gain of male turkeys. However, our result was not in accordance with a previous study in broilers by Tang et al. (2007) , who reported that there were no significant interaction effects on growth performance between Lys and energy. The reason for no interaction in their study may be that 1.0% of dietary Lys content had achieved the requirement of broilers from one to 21 d of age.
Breast and leg muscle are the main edible parts in duck, and a higher yield of breast and leg muscle means higher economic value for duck producers. Lys was reported to elevate breast muscle yield in broilers (Tang et al., 2007) and growing ducks (Xie et al., 2009) . In the present study, dietary Lys supplementation significantly increased the yields of breast meat (P < 0.001) and leg meat (P = 0.001; Table 4 ). Muscle yield has been recently used as an important indicator to evaluate dietary amino acid status in ducks (Xie et al., 2006 (Xie et al., , 2009 and chickens (Kidd et al., 1998; Yuan et al., 2015) . In a Lys trial for broilers, birds fed Lys-deficient starter diets had poorer breast meat yield at market age than those fed Lys-adequate starter diets, although the Lysadequate diets were fed to all birds during the subsequent growing period (Kidd et al., 1998) , implying that deficiency of dietary amino acids in the starter period of birds would retard breast muscle development in the subsequent period. In the present study, dietary Lys supplementation increased significantly the breast meat yield (P < 0.001) and leg meat yield (P = 0.001) but had no effect on abdominal fat yield (Table 4) . However, dietary energy levels did not affect the yields of breast and leg meat (P > 0.05), but abdominal fat yield increased (P = 0.014) with increasing dietary energy level in our study (Table 4) . Many researchers observed no significant effects of high-energy diets on breast meat yield of broilers (Dozier et al., 2006; Tang et al., 2007) , but increasing dietary energy could have caused deposition of excess abdominal or carcass fat in broilers (Fan et al., 2008) . According to our results, there was no interaction effect between energy and Lys on carcass yields at 21 d of age. In our study, only body weight gain had significant interaction between energy and Lys, so body weight gain as an assessment index was used to study the effect of dietary energy on Lys requirements of ducks. As shown in Table 2 , as dietary Lys increased gradually, body weight gain of ducks reached a plateau when dietary Lys was above 1.01% at 2,750 Kcal of AME/kg. However, at 3,050 Kcal of AME/kg, weight gain reached a plateau when dietary Lys was above 1.10%. Pekin ducks showed different growth responses with increasing Lys levels at 2 energy levels. These data indicate that Lys requirements were different for ducks at different energy levels. In the previous study, broken-line regression analysis had already been used to estimate the Lys requirements in broilers (Pesti et al., 2009 ) and ducks (Xie et al., 2009; Wickramasuriya et al., 2016) . Therefore, the Lys requirements of ducks at 2 energy levels were all estimated by broken-line regression (Table 5). According to this regression, the Lys requirements of White Pekin ducks for weight gain were 0.94% at 2,750 Kcal of AME/kg and 0.98% at 3,050 Kcal of AME/kg (Table 5 ). The t test showed that the Lys requirement at 3,050 Kcal of AME/kg was greater than the requirement of Lys at 2,750 Kcal of AME/kg (Table 5; P < 0.05). This result was in accordance with a previous study on chickens by Mcnaughton and Reece (1984) , who reported that high dietary energy levels needed high dietary Lys concentration for maximum body weight. According to the energy recommendation of previous, the energy requirement of Pekin ducks from one to 21 d of age was more than 2,850 Kcal/kg. Hence, 2,750 Kcal of AME/kg could not meet the energy needs of Pekin ducks. Therefore, it indicated that improving dietary energy from energy deficiency to energy sufficiency markedly increased the Lys requirements for ducks. The reason for this may be that dietary energy content determined feed intake of the ducks, and highenergy diets will require a higher amino acid concentration to compensate for a lower feed intake (Richards, 2003) .
In conclusion, Lys deficiency could lead to poor growth performance of Pekin ducks regardless of dietary energy levels. The Lys requirements of Pekin ducks for weight gain at 2,750 and 3,050 Kcal of AME/kg were 0.94 and 0.98%, respectively. This suggested Lys requirement was higher at 3,050 Kcal of AME/kg than at 2,750 Kcal of AME/kg. Dietary energy content determined feed intake of the ducks, and high-energy diets will require a higher amino acid concentration to compensate for a lower feed intake. 
